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ABSTRACT
We report a definitive detection of chemically-enriched cool gas around massive,
quiescent galaxies at z ≈ 0.4− 0.7. The result is based on a survey of 37621 luminous
red galaxy (LRG)-QSO pairs in SDSS DR12 with projected distance d < 500 kpc.
The LRGs are characterized by a predominantly old (age & 1 Gyr) stellar population
with 13% displaying [O II] emission features and LINER-like spectra. Both passive
and [O II]-emitting LRGs share the same stellar mass distribution with a mean of
〈 log (M∗/M) 〉 ≈ 11.4 and a dispersion of 0.2 dex. Both LRG populations exhibit as-
sociated strong Mg II absorbers out to d < 500 kpc. The mean gas covering fraction at
d . 120 kpc is 〈κ〉Mg II > 15% and declines quickly to 〈κ〉Mg II ≈ 5% at d . 500 kpc.
No clear dependence on stellar mass is detected for the observed Mg II absorption prop-
erties. The observed velocity dispersion of Mg II absorbing gas relative to either passive
or [O II]-emitting LRGs is merely 60% of what is expected from virial motion in these
massive halos. While no apparent azimuthal dependence is seen for 〈κ〉Mg II around
passive LRGs at all radii, a modest enhancement in 〈κ〉Mg II is detected along the
major axis of [O II]-emitting LRGs at d < 50 kpc. The suppressed velocity dispersion
of Mg II absorbing gas around both passive and [O II]-emitting LRGs, together with an
elevated 〈κ〉Mg II along the major axis of [O II]-emitting LRGs at d < 50 kpc, provides
important insights into the origin of the observed chemically-enriched cool gas in LRG
halos. We consider different scenarios and conclude that the observed Mg II absorbers
around LRGs are best-explained by a combination of cool clouds formed in thermally
unstable LRG halos and satellite accretion through filaments.
Key words: surveys – galaxies: haloes – galaxies: elliptical and lenticular, cD –
quasars: absorption lines – galaxies: statistics
1 INTRODUCTION
Luminous red galaxies (LRGs) uncovered in the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000; Eisenstein et al.
2011) have luminosities of ≈ 5L∗ (e.g. Tojeiro et al. 2011)
and reside in halos of Mhalo & 1013M (e.g., Blake et al.
2008; Zhu et al. 2014). These galaxies exhibit optical colors
that resemble nearby elliptical galaxies with little on-going
star formation (Eisenstein et al. 2001). The LRGs constitute
a homogeneous sample of massive galaxies characterized by
old stellar populations and provide an ideal laboratory for
? E-mail: yunhsin@uchicago.edu
† E-mail: hchen@oddjob.uchicago.edu
studying galaxy formation and evolution at the high-mass
end.
Mg II λλ 2793,2803 absorption features are commonly
seen in the spectra of distant QSOs (e.g., Charlton et al.
2003). These absorbers originate in cool gas of temperature
T ∼ 104 K (e.g., Bergeron & Stasin´ska 1986) and neutral
hydrogen column density ranging from N(H I) . 1018 cm−2
to N(H I) ≈ 1022 cm−2 (e.g., Rao et al. 2006), and provide
a sensitive probe of diffuse interstellar medium (ISM) and
circumgalactic medium (CGM) along individual QSO sight-
lines.
It has been well-established over the past two decades
that typical L∗ and sub-L∗ galaxies are surrounded by ex-
tended Mg II absorbing gas out to projected distance of
d = 50 − 100 kpc with a mean gas covering fraction of
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〈κ〉Mg II & 70% (e.g., Bowen et al. 1995; Chen & Tin-
ker 2008; Chen et al. 2010a)1. The presence of chemically-
enriched cool gas at ∼ 100 kpc from star-forming regions
can be explained by two competing models: infall (e.g., Mo
& Miralda-Escude´ 1996; Maller & Bullock 2004) and out-
flows (e.g., Weiner et al. 2009; Murray et al. 2011). Depend-
ing on the relative locations of the absorber and its as-
sociated galaxy, infalling gas and outflowing material can
show similar line-of-sight velocity offset. In addition, de-
pending on how efficiently chemical species are mixed in
with surrounding medium, outflowing materials can appear
as low-metallicity gas. Consequently, distinguishing between
the two scenarios based on available empirical data remains
challenging.
CGM studies focusing on halos around quiescent galax-
ies offer a promising avenue for resolving the ambiguous
contributions between infall and outflows to the observed
absorber statistics in the halos. The predominantly old
stellar populations of quiescent galaxies, together with lit-
tle/no on-going star formation, indicate a diminishing in-
fluence of young starburst driven winds on their halo gas.
Mg II absorbers have been found to cluster strongly with
LRGs, which suggests a non-negligible presence of these
Mg II absorbers in these massive, quiescent halos (e.g., Gau-
thier et al. 2009; Lundgren et al. 2009; Zhu et al. 2014).
Spectroscopic follow-up of close LRG-QSO pairs by Gau-
thier et al. (2010) and Gauthier & Chen (2011) further con-
firmed that indeed roughly (14± 6)% of LRGs have associ-
ated Mg II absorbers at d < 500 kpc.
The non-negligible presence of chemically-enriched cool
gas near LRGs extends the findings of H I gas in nearby ellip-
tical galaxies (e.g., Oosterloo et al. 2010) to higher redshifts.
These massive, quiescent galaxies provide an ideal labora-
tory for testing possible physical mechanisms to widely dis-
tribute heavy elements away from stars in the absence of
starburst outflows. Likely scenarios include cold flows or fil-
aments from the intergalactic medium (e.g., Keresˇ et al.
2009; Faucher-Gigue`re & Keresˇ 2011; Nelson et al. 2013),
pressure-supported cool clouds in a hot halo (e.g., Mo &
Miralda-Escude 1996; Maller & Bullock 2004), and stripped
materials from satellite galaxies (e.g., Agertz et al. 2009).
While some of these physical mechanisms provide a
compelling explanation of the detected cool gas in hot ha-
los, they remain hypothetical due to a lack of empirical con-
straints. To date, only a handful of galaxies have been stud-
ied in detail to probe the origin of their cool gas content.
For example, Nestor et al. (2011) and Gauthier (2013) con-
sidered a small sample of LRGs with associated ultra-strong
Mg II absorbers of Wr(2796) & 4 A˚, and found that these
LRGs preferentially reside in a group environment. The pres-
ence of a galaxy group is qualitatively consistent with the
1 We note a critical distinction between Mg II -selected galaxy
surveys and galaxy-centric absorber searches. The former, Mg II -
selected galaxy surveys, address questions regarding the origin
of detected Mg II absorbers (e.g., Steidel et al. 1994, 1997), while
the latter, galaxy-centric absorber searches, address the incidence
and covering fraction of Mg II absorbing gas around known galax-
ies. Including Mg II -absorbing galaxies uncovered from absorber-
selected studies would naturally introduce significant scatter and
bias the observed gas covering fraction to higher values.
expectation of the observed Mg II absorbers originating in
stripped gas in the intergroup medium.
As a first step toward a better understanding of the
physical origin of chemically-enriched cool gas in massive
quiescent halos, we make use of the vast spectroscopic data
available in the public SDSS data archive to obtain re-
fined measurements of the incidence and covering fraction
of Mg II absorbing gas in LRG halos. As described below,
our study is based on an unprecedentedly large sample of
∼ 38,000 LRGs spectroscopically identified at projected dis-
tances of d < 500 kpc from the sightline of a background
QSO. Both LRGs and the background QSOs are found in the
SDSS spectroscopic catalog from DR12 (Alam et al. 2015).
While the signal-to-noise (S/N) of the QSO spectra varies
according to the apparent brightnesses of the QSOs, we are
able to constrain the presence/absence of Mg II absorbers
with rest-frame absorption equivalent width Wr(2796) & 0.3
A˚ for & 35% of the total LRG sample. The unprecedent-
edly large LRG-QSO pair sample allows us to accurately
determine the mean incidence of extended Mg II gas around
these massive galaxies as a whole. In addition, it enables a
detailed study of how the incidence and covering fraction of
chemically-enriched cool gas depend on the projected dis-
tance from central LRGs and on additional galaxy proper-
ties, such as mass, emission-line properties, and geometric
alignments. These observations provide important insights
into the origin of the observed chemically-enriched cool gas
in LRG halos.
The paper is organized as follows. In Section 2, we de-
scribe the procedures to establish the close LRG-QSO pair
sample, summarize the general properties of the LRGs, and
describe the absorption-line measurements. In Section 3, we
inspect the photometric and spectral properties of the LRGs
and examine whether/how the observed Mg II absorption
strength and covering fraction in LRG halos are correlated
with galaxy properties. Finally in Section 4, we consider dif-
ferent scenarios that can explain the presence of chemically-
enriched cool gas in the massive halos where these evolved
galaxies reside. We adopt a standard Λ cosmology, ΩM = 0.3
and ΩΛ=0.7 with a Hubble constant H0 = 70 km s
−1 Mpc−1.
2 DATA
We utilize existing spectroscopic data in the public SDSS
archive to characterize the CGM of massive galaxies. Here
we describe the procedures that we followed for establishing
the projected LRG and QSO pair catalog and summarize
the general properties of the LRGs in the pair sample. In
addition, we describe the absorption-line measurements that
led to important constraints for the CGM around LRGs.
2.1 The LRG-QSO Pair Catalog
We first considered the galaxies and quasars from the
Data Release (DR12, Alam et al. 2015) of SDSS, particu-
larly those in the Baryon Oscillation Spectroscopic Survey
(BOSS, Dawson et al. 2013). In total, imaging and spec-
troscopic data were obtained in BOSS for ∼ 1.5 million
luminous galaxies at mean redshift 〈z〉 ≈ 0.6. The quasar
sample includes about 150k quasars from both SDSS-II and
BOSS at z < 3.5. The new BOSS multi-object spectrograph
c© 2015 RAS, MNRAS 000, 1–16
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Table 1. Definitions of Various Spectral Indices
Index Line passband (A˚) Blue continuum (A˚) Red continuum (A˚) Reference
[O II] 3713.0− 3741.0 3653.0− 3713.0 3741.0− 3801.0 Balogh et al. (1999)
D4000 ... 3850.0− 3950.0 4000.0− 4100.0 Balogh et al. (1999)
HδA 4083.5− 4122.3 4041.6− 4079.8 4128.5− 4161.0 Worthey & Ottaviani (1997)
[O III] 4998.2− 5018.2 4978.2− 4998.2 5018.2− 5038.2 Yan et al. (2006)
Hα 6554.6− 6574.6 6483.0− 6513.0 6623.0− 6653.0 Yan et al. (2006)
[N II] 6575.3− 6595.3 6483.0− 6513.0 6623.0− 6653.0 Yan et al. (2006)
(Smee et al. 2013) covers a wavelength range from 3600 A˚
to 10400 A˚, and enables observations of Mg II absorbers at
redshifts from as low as z ≈ 0.28 to z ≈ 2.7. We cross-
matched spectroscopically identified galaxies with back-
ground quasars to find projected pairs separated by d < 500
kpc in projected distance. The background quasars and fore-
ground galaxies are drawn from the BOSS automated spec-
tral classification and redshift measurement pipeline (Bolton
et al. 2012). The maximum projected distance of d = 500
kpc is chosen based on the expected size of a typical LRG
host dark matter halo. We excluded galaxies that occur
within a line-of-sight velocity separation of < 10, 000 km s−1
from the background QSO in order to exclude correlated
QSO–galaxy pairs and to avoid confusions between absorp-
tion features imprinted by the CGM of LRGs and by QSO
outflows. The process yielded a total of 45757 galaxies at
d < 500 kpc from the sightline of a background QSO in the
SDSS sample. Redshifts of the galaxies range from z = 0.30
to z = 1.42. Note that due to BOSS galaxy target selection,
this galaxy sample consists of ≈ 83 % LRGs and ≈ 17 %
luminous star-forming galaxies.
The spectroscopic targets of two primary BOSS galaxy
samples, LOWZ (z . 0.4) and CMASS (0.4 . z . 0.7), were
selected using two sets of color-magnitude cuts similar to the
LRG target selection for SDSS-I/II (Eisenstein et al. 2001).
A crucial difference is that the CMASS sample extends the
SDSS-I/II LRG selection to include blue objects. As a result,
while the majority of targeted galaxies are LRGs, there is a
non-negligible number of massive star-forming galaxies that
could potentially bias our results. To identify LRGs from the
initial BOSS galaxy sample, we further applied a color selec-
tion criterion based on the intrinsic, rest-frame u− g color.
Using the Sbc galaxy template of Coleman et al. (1980), we
defined elliptical galaxies as those with rest-frame u−g color
redder than the Sbc template, and star-forming galaxies as
those with bluer u− g colors. Specifically,
u− g > 1.18 for elliptical/S0
u− g 6 1.18 for disk/irregular/star-forming galaxies (1)
The rest-frame u − g color of each galaxy was computed
based on its spectroscopic redshift from BOSS and interpo-
lating between u-, g-, r-, i-, and z-band composite model
magnitudes from the SDSS archive. In addition to the rest-
frame u − g color selection, we also restricted the sample
selection to galaxies that do not exhibit strong interstellar
medium emission lines due to [O II]λ3727, [O III]λ5007, or
Hαλ 6564 at more than 5-σ level of significance. Some of
these galaxies displayed both dominant absorption features
due to an evolved stellar population and strong emission
lines from H II regions. The choice of a 5-σ threshold is to
ensure that we do not exclude more than 1% of evolved
galaxy populations. Details of measuring equivalent widths
of galaxy emission lines are presented in Section 3.1 and def-
initions of various spectral indices are summarized in Table
1. Applying these additional cuts yielded a total of 38116
LRGs and . 0.2% contamination by galaxies with younger
stellar populations based on visual inspections. As described
in the next section (§ 2.2), 495 of these LRGs occur at a red-
shift where the spectrum of the background QSO does not
provide useful constraints for the halo gas content. Exclud-
ing these LRG-QSO pairs led to a final sample of 37621
LRGs for the subsequent CGM studies.
To characterize the general properties of these LRGs,
we computed the rest-frame absolute r-band magnitude Mr
and stellar mass M∗ based on the observed SDSS g-, r-, i-,
and z-band magnitudes, using the K-correct code (Blanton
& Roweis 2007). We excluded the u-band from the photo-
metric analysis, because≈ 99% of the LRGs are not detected
at & 5σ level of significance in the u-band. Distributions in
redshift,Mr, andM∗ for the full sample are presented in Fig-
ure 1 in filled histograms. The redshift distribution of our
LRGs (left panel of Figure 1) clearly shows a double-peak
feature, with the majority selected from the CMASS sample
at z = 0.4 − 0.7 and some fraction from the SDSS LOWZ
sample at z . 0.4. We note, however, that a substantial frac-
tion of LRGs from the LOWZ program do not have sensitive
constraints for their associated Mg II absorption features,
because at this redshift range the Mg II doublet transitions
occur at λ < 4000 A˚, where the throughput of the spectro-
graph declines rapidly (Smee et al. 2013). Stellar masses of
the full LRG sample span a range from log M∗/M < 11 to
log M∗/M ≈ 12 (right panel of Figure 1) with a mean of
〈 log M∗/M 〉 = 11.4 and a dispersion of 0.2 dex.
While LRGs exhibit spectral features that are typical
of an old and passively evolved stellar population, roughly
10% of the LRG population also exhibit emission lines from
recent star formation or AGN activity (e.g. Roseboom et al.
2006). To isolate quiescent galaxies with little/no on-going
star formation, we further divided the final LRG sample into
two subsamples based on the significance of the observed
[O II] emission. The procedure yielded 4994 LRGs with [O II]
detected at greater than 2-σ level of significance, and 32627
passive LRGs without detected [O II].
In subsequent discussions, we focus our analysis on a
subsample of LRGs for which sensitive constraints for their
halo gas content can be placed using the spectrum of a
background QSO (more details are described in Section
§ 2.2). Considering only LRGs with sufficiently high S/N
background QSO spectra for detecting Mg II absorbers as
weak as W0 = 0.3 A˚ led to a total sample of 13330 LRGs
c© 2015 RAS, MNRAS 000, 1–16
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Full sample (N = 37621)
[OII]-emitting LRGs (N = 1575)
Passive LRGs (N = 11755)
Figure 1. Distributions in redshift z, r-band absolute magnitude Mr, and stellar mass M∗ of LRGs in our study. The full sample consists
of 37621 LRGs from a combination of SDSS LOWZ sample that dominates the LRG population at z . 0.4 and the CMASS sample that
dominates at z = 0.4− 0.7 (left panel). Considering only LRGs with sufficiently high S/N background QSO spectra for detecting Mg II
absorbers as weak as W0 = 0.3 A˚ yields a total sample of 13330 LRGs, 1575 of which are [O II]-emitting (open, dashed histograms) and
11755 are passive LRGs with no trace of [O II] emission at more than a 2-σ level of significance (open, red histograms). The redshift
distributions of these LRGs show that the W0 = 0.3 A˚ cut removes a significant fraction of LRGs from the LOWZ sample, due to the
rapidly declining throughput at λ . 4000 A˚ of the SDSS spectrograph (Smee et al. 2013) that prohibited us from detecting relatively
weak Mg II absorption features at z . 0.4. All three LRG samples share similar distributions in Mr (middle panel) and M∗ (right panel).
(Table 2). Figure 1 demonstrates that for LRGs with sen-
sitive absorption-line constraints, both passive (open, red
histograms) and [OII]-emitting (open, dashed histograms)
LRGs exhibit similar distributions in redshift, Mr, and M∗.
Specifically, [O II]-emitting LRGs span a range in redshift
from z = 0.31 to z = 0.94 with a median of 〈 z 〉med = 0.51,
while passive LRGs cover a redshift range from z = 0.31
to z = 0.99 with 〈 z 〉med = 0.52. In terms of stellar mass,
[O II]-emitting LRGs are well described by a Gaussian dis-
tribution with a mean of 〈 log (M∗/M) 〉 = 11.37 and
a dispersion of 0.18 dex while passive LRGs without de-
tected [O II] are well described by a Gaussian distribution of
〈 log (M∗/M) 〉 = 11.42 and a dispersion of 0.2 dex (Table
2). The difference in the mean stellar masses is negligible,
given the ≈ 0.2 dex scatter introduced in estimating photo-
metric stellar masses (Blanton & Roweis 2007).
Finally, we note that the previous 5-σ equivalent width
cut had excluded ∼ 1% of strong [O II]-emitting LRGs with
underlying old stellar populations. Including these strong
[O II]-emitting LRGs will not significantly alter the statis-
tical properties of [O II]-emitting LRGs in our sample, but
will likely increase the differences found in the CGM be-
tween [O II]-emitting and non-[O II]emitting LRGs. We defer
the analysis of those strong [O II]-emitting LRGs to a future
paper.
2.2 Extended Mg II Halos around LRGs
To constrain the halo gas content of LRGs, we took each
projected LRG–QSO pair from § 2.1 and manually searched
for the corresponding Mg II absorption features at the red-
shift of the LRG in the spectrum of the background QSO.
Our search window covers a radial velocity interval of ∆ v =
±1000 km s−1, centered at the systemic redshift of the LRG.
This large search window was chosen to include the vast ma-
jority of Mg II absorption systems originating in LRG halos.
It is based on the expected velocity dispersion of σ ∼ 350
km s−1 for virialized gas in halos of ∼ 1013M. In addition,
as described in § 3.2 below, the detected Mg II absorbers ex-
hibit a simple Gaussian distribution in velocity offset from
the systemic redshifts of the LRGs, which is characterized
by a velocity dispersion of σv ≈ 165 km s−1 (see Figure 3
below). We are therefore confident that the adopted search
window was sufficiently large to find associated absorbers.
When a Mg II absorber was found in the QSO spectrum,
we measured the rest-frame absorption equivalent width of
the 2796 A˚ member, Wr(2796), and determined the absorber
redshift based on the best-fit line centroid of a Gaussian
profile. For 20 LRGs, multiple Mg II absorbers were found
within the search window. We adopt the velocity centroid
of the strongest component as the systemic velocity of the
absorbing gas. When no Mg II features were detected, we
record a 2-σ upper limit of the underlying absorber strength
over a wavelength window defined by the width of a spectral
resolution element of SDSS spectra (FWHM = 150 km s−1),
based on the associated 1-σ error spectrum.
In the full LRG sample, two groups of LRGs were found
to have corresponding Mg II absorbers within ∆ v < 1000
km s−1. For these two cases, we assigned absorbers to the
LRGs at the smallest projected distance and excluded the
remaing LRGs from the sample. The procedure identified
710 Mg II absorbers and 36911 upper limits in the vicini-
ties of 37621 LRGs. We were unable to obtain significant
constraints for Mg II absorbers around 478 LRGs, where
the accompanying QSO spectra have extraction defects,
broad absorption line complexes, or are contaminated by
other absorption transitions (such as C IV λλ 1548,1550)
from a different redshift. For 17 LRGs, the corresponding
Mg II absorption was expected to fall close to a prominent
QSO emission line. Because of significant uncertainties in
the continuum near the peak of a QSO emission line, these
LRGs are also excluded from the analysis.
The constraints we were able to place for the presence or
absence of extended Mg II absorbing gas around the LRGs
c© 2015 RAS, MNRAS 000, 1–16
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Table 2. Summary of the LRG Samples
W0 (A˚) LRG Type N(total) N(upper limit) N(detection) 〈log M∗/M〉 σ(〈log M∗/M〉)
Any Full 37621 36911 710 11.40 0.19
0.3 [O II]-emitting 1575 1499 76 11.37 0.18
0.3 Passive 11755 11215 540 11.42 0.20
0.3 All 13330 12714 616 11.42 0.20
were also non-uniform. Because of varying qualities (in terms
of S/N) of the absorption spectra at different wavelengths
and between different QSOs, there exists a substantial scat-
ter in the upper limits we were able to place for those 36911
LRGs. For a large fraction of the LRGs (≈ 2/3 of the sam-
ple), the apparent, low S/N spectra of the QSOs prohibited
us from placing sensitive constraints for the underlying Mg II
absorbers.
To facilitate a uniform analysis, we focused our subse-
quent studies on a homogeneous sample of LRGs with suffi-
ciently high S/N background QSO spectra that allow a min-
imum detection threshold in rest-frame absorption equiva-
lent width of W0 = 0.3 A˚ for the Mg II absorption features.
A summary of the LRG samples and the Mg II survey result
is shown in Table 2. Under the W0 = 0.3 A˚ minimum quality
cut, we have a sample of 11755 passive LRGs without [O II]
detected at a more than 2-σ level and 1575 [O II]-emitting
LRGs. The fraction of [O II]-emitting LRGs (≈ 13%) is con-
sistent with what was found in the 2dF−SDSS LRG and
QSO Survey (Roseboom et al. 2006).
To compare the general properties of the [O II]-emitting
and passive LRG samples, we include their distributions in
redshift, Mr and M∗ in Figure 1 and Table 2. The passive
LRGs with sensitive Mg II absorption constraints are shown
in open, red histograms, and the [O II]-emitting LRGs are
shown in dashed, green histograms. The comparisons con-
firm that with the additional W0 = 0.3 A˚ selection criterion,
the underlying redshift and M∗ distributions of the result-
ing [O II]-emitting and passive LRG subsamples remain the
same.
3 ANALYSIS
The procedures described in Section 2 established a sam-
ple of 13330 LRGs with sensitive background QSO spec-
tra available for constraining the presence/absence of
Mg II absorbers of Wr(2796) > 0.3 A˚. Of these, 1575 show
[O II] emission in the LRG spectra and 11755 LRGs appear
to contain a passive and old stellar population with no [O II]-
emission detected at greater than a 2-σ level. As summa-
rized in Table 2, the passive and [O II]-emitting LRGs share
a very similar distribution in stellar mass with a mean of
〈 log M∗/M 〉 = 11.4 and a dispersion of 0.2 dex (see also
the right panel of Figure 1). In addition, our search of Mg II
absorption features in the vicinities of these LRGs yielded 76
detections around [O II]-emitting LRGs (a rate of incidence
≈ 4.8%) and 540 detections around passive LRGs (≈ 4.6%).
In this section, we first inspect the general properties of
passive and [O II]-emitting LRG samples, focusing primar-
ily on their respective stellar populations and star forma-
tion histories. Then we examine Mg II absorption properties
in LRG halos and investigate possible correlations between
LRG properties and the observed Mg II absorption proper-
ties in LRG halos.
3.1 Mean Stellar Populations of the LRGs
While LRGs are generally understood as high-redshift coun-
terparts of nearby massive elliptical galaxies that are made
of predominantly old stellar populations with little/no star
formation, the visual inspectation described in § 2.1 has con-
firmed previous findings that roughly 10% of these LRGs ex-
hibit [O II] emission features that suggest a modest amount
of star formation among otherwise evolved stellar popula-
tions (e.g. Roseboom et al. 2006). Because a primary goal
of targeting gaseous halos around LRGs is to investigate
whether and how chemically-enriched absorbing gas can
arise at large distances from evolved galaxies in the absence
of active on-going star formation, it is necessary to first char-
acterize the mean star formation history and mean stellar
population of [O II]-emitting and passive LRG samples be-
fore discussing the properties of their halo gas content.
To examine the stellar population, we form a stacked
spectrum of each of the LRG subsamples and measure its
spectral properties. To generate a stacked spectrum, we first
mask out strong sky emission lines. We then shift the ob-
served spectrum to the rest frame of the galaxy and adopt
a constant pixel resolution of ∆λ = 2 A˚, corresponding to
roughly ∆ v = 150 km s−1 at 4000 A˚, and 75 km s−1 at 8000
A˚. Individual LRG spectra were normalized using the mean
flux over λ = 4100− 4300 A˚, and median combined to form
the final stacked spectrum.
For each stacked spectrum, we measure the D4000 in-
dex and the equivalent widths of [O II], HδA, Hα, and [N II]
lines. For each emission line, the continuum is determined
by measuring the mean flux level in two sidebands and inter-
polating across the central passband. Then we sum over the
continuum-normalized flux in the central passband to ob-
tain the equivalent width of the line. For [O II] and Hδ, we
use the standard definitions from Balogh et al. (1999) and
Worthey & Ottaviani (1997), respectively. For Hα and [N II],
we adopt the window definitions from Yan et al. (2006). We
define the D4000 index using the narrow definition intro-
duced by Balogh et al. (1999), namely the ratio of the fluxes
in two 100-A˚ windows centered at 4050 and 3900 A˚. The
definitions of the passbands and sidebands are summarized
in Table 1.
To estimate uncertainties in the measured line indices,
we perform a bootstrap analysis and repeat the stacking
procedure 1000 times. We record the 1-σ dispersions in the
measured spectral indicies as the measurement uncertain-
ties. The results are summarized in Table 3. We have also
c© 2015 RAS, MNRAS 000, 1–16
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Figure 2. Stacked rest-frame spectra of LRGs at d < 200 kpc from a background QSO sightline with sufficiently high S/N absorption
spectra available for detecting a Mg II absorber of Wr(2796) > 0.3 A˚. The corresponding 1-σ dispersion in each stack is shown in cyan
at the bottom of each panel. Panel (a) shows the median stack of 204 passive LRGs with associated Mg II absorbers, and panel (b)
displays the median stack of 1567 passive LRGs without associated Mg II absorbers. The stacked spectra are characterized by prominent
absorption features due to Ca II H & K, G-band, Mg I and Na I that indicate a predominantly old stellar population, as well as a relatively
weak Balmer absorption series. Neither [O II] nor Hα emission line is detected in the stacks but we note the presence of [N II]λ 6585
emission. Panels (c) and (d) display the stacked spectra of [O II]-emitting LRGs with and without associated Mg II absorbers, respectively.
A total of 41 LRG spectra are included in the stack presented in panel (c) and 240 LRGs in panel (d). Similar to passive LRGs, the
stacked spectra of [O II]-emitting LRGs display prominent absorption features that indicate the presence of evolved stellar populations,
but at the same time modest emission features due to Hα, [N II], and [S II] are also detected. The observed relatively weak Hα emission
together with a prominent [N II]λ 6585 emission feature suggests a subdominant presence of LINERs.
Table 3. Summary of LRG properties from stacked spectra
EW([O II]) EW(HδA) EW(Hα)
a EW([N II]) SFRbHα
Spectral Type Mg II Absorption D4000 (A˚) (A˚) (A˚) (A˚) (M / yr)
(1) (2) (3) (4) (5) (6) (7) (8)
Passive LRGs detection 1.63 ± 0.01 0.61 ± 0.28 1.44 ± 0.13 −1.46± 0.26 −1.18± 0.19 0.48± 0.09
Passive LRGs non-detection 1.64 ± 0.01 0.78 ± 0.10 1.05 ± 0.04 −1.03± 0.08 −0.80± 0.06 0.34± 0.03
[O II]-emitting LRGs detection 1.53 ± 0.03 −5.45± 0.53 2.02 ± 0.39 −4.24± 0.94 −4.19± 0.48 1.40± 0.31
[O II]-emitting LRGs non-detection 1.52 ± 0.01 −4.98± 0.24 1.77 ± 0.15 −3.28± 0.33 −2.70± 0.19 1.08± 0.11
aCorrected for stellar absorption based on a fit to the higher-order Balmer absorption series.
bBased on the assumption that the observed Hα emission traces young stars and applying the scaling relation of Kennicutt & Evans (2012). But
because the observed emission-line ratios resemble LINER-like galaxies (e.g., Yan et al. 2006), the inferred SFR represent only an upper limit.
experimented with forming a mean (rather than median)
stack and found that the measurements remain consistent
within uncertainties. Note that throughout this paper we
define a negative equivalent width as emission and a posi-
tive value as absorption.
The resulting median stacks of LRG spectra are pre-
sented in Figure 2, including passive LRGs with associated
Mg II absorbers in panel (a), passive LRGs without associ-
ated Mg II absorbers in panel (b), [O II]-emitting LRGs with
detected Mg II absorbing gas in panel (c), and [O II]-emitting
LRGs without associated Mg II absorbers in panel (d). The
stacked spectra presented in Figure 2 include only LRGs
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that occur at d < 200 kpc from a background QSO sightline
with sufficiently high S/N absorption spectra available for
detecting a MgII absorber of Wr(2796) > 0.3 A˚. This is mo-
tivated by the apparent difference in the observed covering
fraction of Mg II absorbers at d < 200 kpc around differ-
ent LRG samples, as shown in the following section (§ 3.2).
The goal is to examine whether the observed difference in
extended Mg II absorbing gas is related to the stellar popu-
lation in the galaxies.
Figure 2 shows that all the LRG samples exhibit promi-
nent absorption features due to Ca II H & K, G band, Mg I
and Na I, indicating that the spectra are dominated by old
stellar populations. We make use of the HδA and D4000
spectral indicators as diagnostics of recent star formation
histories. The D4000 index is known to be sensitive to recent
star formation, with lower values indicating an increasing
presence of a young stellar population. The Hδ absorption
line, on the other hand, occurs in galaxies that have expe-
rienced a burst of star formation ∼ 0.1 − 1 Gyr ago. The
absorption strength is expected to peak at ∼ 1 Gyr when
hot O and B stars have left the main sequence, and decline
with increasing age afterward. The [O II]-emitting LRGs
have D4000≈ 1.5 and Hδ equivalent width of EW(HδA)≈ 2,
whereas passive LRGs have D4000≈ 1.6 and EW(HδA)≈
1.2. No significant difference is found for the D4000 index
and only marginal difference is seen in Hδ between Mg II -
absorbing and non-absorbing passive LRGs.
Following the diagnostics described in Kauffmann et al.
(2003), we estimate a mean stellar age of & 1 Gyr based
on the mean spectral indices observed in the stacked LRG
spectra. The estimated mean stellar age is consistent with
the conclusions of Gauthier & Chen (2011) for 37 individ-
ual LRGs based on a stellar population synthesis analysis.
If the [O II]-emitting and passive LRG samples share a sim-
ilar metallicity, then the smaller mean D4000 indices and
higher EW(Hδ) in [O II]-emitting LRGs suggest an on av-
erage younger stellar population in these galaxies than in
passive LRGs.
We also investigate the emission line properties of differ-
ent LRG samples. For passive LRGs, we do not uncover [O II]
emission even in the high S/N stacked spectra. For [O II]-
emitting LRGs, we uncover relatively weak Hα emission in
the stacked spectra. Both passive and [O II]-emitting LRGs
exhibit a modest [N II]λ 6585 emission feature. After cor-
recting for stellar absorption using the observed Hβ, Hγ, and
Hδ absorption features, we recover the underlying Hα emis-
sion flux for all LRG subsamples. The stellar absorption-
corrected Hα emission equivalent width for each subsample
is presented in column (6) of Table 3. Assuming that the
observed Hα emission traces on-going star-formation in the
LRGs and applying the scaling relation from Kennicutt &
Evans (2012), we infer an unobscured star formation rate
(SFR) based on the observed EW(Hα) and mean Mr. The
estimated mean SFRHα of each LRG sample is presented
in Table 3. We find that [O II]-emitting LRGs have a mean
SFR as high as SFRHα ≈ 1−1.5 M yr−1 and passive LRGs
have a mean SFR as high as SFRHα ≈ 0.3− 0.4 M yr−1.
However, many local elliptical galaxies and passive red
galaxies at higher redshifts display emission features that
resemble the low-ionization nuclear emission-line regions
(LINERs; e.g., Sarzi et al. 2006; Yan et al. 2006). Searches
for radio emission based on stacks of FIRST images of the
LRGs have also continued to uncover faint radio fluxes in
these galaxies (e.g., Hodge et al. 2008, 2009). The observed
high [N II] / Hα ratio, together with a low [O III] / [O II] ra-
tio, in our stacked spectra of [O II]-emitting galaxies (bot-
tom two panels of Figure 2) indeed confirms previous find-
ings that these LRGs are LINER-like galaxies (e.g. John-
ston et al. 2008; Hodge et al. 2008). Therefore, the observed
[O II] and Hα emission features are most likely due to un-
derlying active galactic nuclei (AGN) or LINERs, and the
SFR estimated based on the observed Hα emission flux only
represents an upper limit.
3.2 Properties of Mg II Absorbing Gas in LRG
Halos
To examine Mg II absorption properties in LRG halos, we
first compare the observed Mg II absorption strength with
the projected distance between the absorbing gas and the
galaxy. Figure 3 shows the distribution of Wr(2796) ver-
sus projected distance d to the LRGs. We present the ob-
servations for passive and [O II]-emitting LRGs in separate
panels for a direct comparison of the CGM properties be-
tween galaxies with different star formation properties (see
the discussion in the previous section, § 3.2). We focus on
the subsample of LRGs with sufficiently high S/N back-
ground QSO spectra for detecting Mg II absorbers as weak
as W0 = 0.3 A˚. A significant fraction of the original SDSS
LRG sample have poorer-quality QSO spectra that result in
upper limits exceeding 0.3 A˚. As a result, these LRG–QSO
pairs offer little/no constraints for the underlying absorber
strengths in LRG halos and are therefore excluded from the
panels for clarity.
Both panels in Figure 3 show that the LRGs with as-
sociated Mg II absorbers occupy a similar Wr(2796) versus
d space. Although many LRGs show no detectable Mg II
absorbers of Wr(2796) > 0.3 A˚, a non-negligible fraction of
LRGs show strong associated Mg II absorbers of Wr(2796) ∼
1 A˚ out to d = 500 kpc, the virial radii of LRG host dark
matter halos. While strong Mg II absorbers are also found at
large distances from QSOs (e.g., Johnson et al. 2015), such
flat Wr(2796) versus d trend is in stark contrast to known
halo gas properties around L∗ galaxies. These strong ab-
sorbers are only found around L∗ galaxies at d . 60 kpc,
beyond which the observed Mg II absorbing strength rapidly
declines (e.g., Chen & Tinker 2008; Chen et al. 2010a).
As described in § 2.1, the LRGs span a range in stel-
lar mass from log M∗/M < 11 to log M∗/M ≈ 12 (right
panel of Figure 1) with a mean of 〈 log M∗/M 〉 = 11.4
and a dispersion of 0.2 dex. It is possible that the relatively
broad range in stellar mass contributes to the observed flat
trend in Wr(2796) versus d. We perform two tests to ex-
amine whether this is a factor. First, we compare the stel-
lar mass distributions of Mg II -absorbing and non-absorbing
LRGs. We find that both Mg II absorbing and non-absorbing
LRGs are well characterized by a Gaussian distribution func-
tion with a mean of 〈 log M∗/M 〉 = 11.4 and a disper-
sion of 0.2 dex. We therefore do not find a preference of
Mg II absorbers around low- or high-mass LRGs. Next, we
include the stellar mass scaling relation found for L∗ galaxies
by Chen et al. (2010b) and examine whether the observed
scatter in Wr(2796) versus d is reduced. The result shows
that including stellar mass scaling does not improve/reduce
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Figure 3. Rest-frame absorption equivalent width Wr(2796) versus projected distance d for LRGs with sufficiently high S/N background
QSO spectra for detecting Mg II absorbers as weak as W0 = 0.3 A˚. Absorption observations for passive LRGs are shown in the left panel.
Observations of [O II]-emitting LRGs are shown in the right panel. LRGs with detected Mg II absorbers are shown in filled circles with
errorbars representing measurement uncertainties. For non-detections, we use light grey circles to indicate the 2-σ upper limits. Note
that a significant fraction of the original SDSS LRG sample have poor-quality QSO spectra that result in upper limits exceeding 0.3 A˚.
These LRG–QSO pairs offer little/no constraints for the underlying absorber strengths in LRG halos and are therefore excluded from
the plots for clarity.
the scatter in the observed Wr(2796) versus d relation. Both
tests confirm that extended Mg II -absorbing gas does not
depend strongly on the mass of the LRGs.
At the same time, we also examine the velocity disper-
sion of the detected absorbing gas around LRGs. The left
panel of Figure 4 shows the relative line-of-sight velocity
distributions of Mg II absorbers with respect to the systemic
redshifts of LRGs at d < 500 kpc. Following the presentation
in Figure 3, we present the velocity distribution separately
for passive and [O II]-emitting LRGs. The velocity distribu-
tion of Mg II absorbing gas around [O II]-emitting LRGs can
be characterized by a single Gaussian distribution of mean
velocity difference 〈vMg II−Galaxy〉 = −5 km s−1 and disper-
sion σv = 167 km s
−1 (green dashed curve). However, the
velocity distribution of Mg II absorbing gas around passive
LRGs without detectable [O II] emission features appears to
have extended, high-velocity wings and is best represented
by a double Gaussian profile with a narrow component cen-
tered at 〈vMg II−Galaxy〉 = −3 km s−1 and σv = 163 km s−1
and a broad component centered at 〈vMg II−Galaxy〉 = −17
km s−1 and σv = 415 km s−1 (red solid curve). We find that
62 Mg II absorbers occur at |vMg II−Galaxy| > 500 km s−1
from passive LRGs, which constitute (12± 1)% of the total
Mg II -absorbing passive LRG sample.
To evaluate whether the observed velocity dispersion
vary with projected distance, we consider only LRGs with
a Mg II absorber found at d < 200 kpc from LRGs. Of the
540 passive LRGs–Mg II absorber pairs in Table 2, 208 are
separated by d < 200 kpc. Of the 76 [O II]-emitting LRGs–
Mg II absorber pairs, 42 are separated by d < 200 kpc.
The right panel of Figure 4 shows the line-of-sight veloc-
ity distribution of Mg II absorbers relative to the LRGs at
d < 200 kpc. We find similar characteristics in the velocity
distribution of Mg II absorbing gas at smaller projected dis-
tances from LRGs. For [O II]-emitting LRGs, a single Gaus-
sian function is sufficient to describe the line-of-sight gas
motion with a mean of 〈vMg II−Galaxy〉 = +6 km s−1 and
dispersion σv = 150 km s
−1 (green dashed curve in Figure
4). For passive LRGs, high-velocity Mg II absorbers are also
seen but at a reduced fraction. We find that 13 out of 208
Mg II absorbers at d < 200 kpc occur at |vMg II−Galaxy| > 500
km s−1, which constitute (6 ± 2)% of [O II]-emitting LRGs
with associated Mg II . The best-fit double Gaussian pro-
file is characterized by a narrow component centered at
〈vMg II−Galaxy〉 = −15 km s−1 and σv = 170 km s−1 and a
broad component centered at 〈vMg II−Galaxy〉 = +6 km s−1
and σv = 453 km s
−1 (red solid curve in Figure 4). The
increasing fraction of high-velocity ( |vMg II−Galaxy| > 500
km s−1) Mg II absorbers from d < 200 to larger distances
may be understood by an increasing fraction of contaminat-
ing random background or correlated absorbers outside the
LRG halos as the projected distance increases.
Figure 4 shows that Mg II absorbing gas detected
around passive and [O II]-emitting LRGs (particularly the
absorbers found at d < 200 kpc) shares a similar line-
of-sight velocity dispersion of σv ≈ 165 km s−1. The ve-
locity field of chemically-enriched gas in massive LRG ha-
los does not exhibit traceable dependence on the pres-
ence/absence of on-going star formation in the galaxies.
Furthermore, we note that the mean halo mass of LRGs
is 〈Mh(LRG)〉 ≈ 1013.4 M (e.g. Mandelbaum et al. 2008;
Gauthier et al. 2009). The expected line-of-sight velocity dis-
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Figure 4. Relative velocity distributions of Mg II absorbers with respect to the systemic redshifts of the LRGs. Passive LRGs are shown in
the red open histogram, while [O II]-emitting LRGs are shown in the green hatched histogram. The left panel includes all Mg II absorbers
at d < 500 kpc, and the right panel includes only those at d < 200 kpc. Mg II absorbing gas around [O II]-emitting LRGs at d < 500 (200)
kpc is well characterized by a single Gaussian distribution centered at 〈vMg II−Galaxy〉 = −5 (+6) km s−1 with a dispersion of σv = 167
(150) km s−1 (green, dashed curve). Mg II absorbing gas around passive LRGs exhibits a similar distribution but with a substantial
fraction, (12 ± 1)% at d < 500 kpc and (6 ± 2)% at d < 200 kpc, extended beyond |vMg II−Galaxy| = 500 km s−1 from the systemic
redshifts of the galaxies. Applying a double Gaussian profile to characterize the velocity distribution of Mg II gas around passive LRGs
at d < 500 (200) kpc leads to a narrow component centered at 〈vMg II−Galaxy〉 = −3 (−15) km s−1 and σv = 163 (170) km s−1 and a
broad component centered at 〈vMg II−Galaxy〉 = −17 (+6) km s−1 and σv = 415 (453) km s−1 (red solid curve).
persion for virialized gas in halos of 1013.4 M is σh ≈ 265
km s−1. The observed velocity dispersion in Mg II absorb-
ing gas is merely 60% of what is expected from virial mo-
tion, namely σv ≈ 0.6σh. A similar result has also been
seen by Zhu et al. (2014), who reported a velocity bias of
σMg II ≈ 0.5σh. Such suppression in gas motion not only
shows that the gas is gravitationally bound to the LRG halo
but also that additional mechanisms are necessary to slow
down the motion of these absorbing clouds.
3.3 Incidence and Covering Fraction of
Mg II Absorbers in LRG halos
A key quantity to characterize LRG halos is the covering
fraction, κMg II , of chemically-enriched cool gas as revealed
by the presence of Mg II absorbers. We employ a maximum
likelihood analysis to compute the best-fit κMg II and its
associated uncertainties as a function of projected distance
d, following the formalism described in Chen et al. (2010a).
The likelihood of observing an ensemble of galaxies with n
showing associated Mg II and m displaying upper limits is
L(κMg II ) = 〈κ〉nMg II [1− 〈κ〉Mg II ]m (2)
We divide the LRGs into subsamples of different projected
distance intervals and compute best-fit κMg II and uncer-
tainties for each projected distance bin. Figure 5 shows the
estimated 〈κ〉Mg II versus d in intervals of 40 kpc. Error
bars in 〈κ〉Mg II represent the 68 per cent confidence inter-
val based on the likelihood function. The number of LRGs
in each projected distance interval is shown at the top of
Figure 5. For accurate estimates of gas covering fraction, we
consider only those LRGs with sufficiently high S/N back-
ground QSO spectra available for detecting Mg II absorbers
as weak as W0 = 0.3 A˚. For investigating possible depen-
dence of the incidence of chemically-enriched halo gas on star
formation activities, we consider passive and [O II]-emitting
LRGs separately.
We also estimate contamination due to background
structures along the line of sight. Following Gauthier et al.
(2010), we estimate the incidence of random background
Mg II absorbers within a redshift interval of ∆ z = 0.01, cor-
responding to a velocity interval of ∆ v = ±1000 km s−1,
based on the mean number density of Mg II absorbers with
Wr(2796) > 0.3 A˚ from Nestor et al. (2005). The ≈ 1 per
cent contribution as shown in Figure 5 (dashed curve) sug-
gests that random background absorbers have negligible im-
pact on the observed covering fraction of Mg II absorbing
gas at d . 200 kpc, but contribute a significant portion of
Mg II absorbers found at larger distances.
Figure 5 displays a number of interesting features. First,
the covering fraction of Mg II absorbers is significantly ele-
vated in the inner halos with a mean covering fraction rang-
ing from 〈κ〉Mg II ≈ 15% at d . 120 kpc for passive LRGs
to as high as 〈κ〉Mg II ≈ 40% at d . 40 kpc for [O II]-
emitting LRGs. This is in contrast to an overall covering
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Figure 5. Mean incidence (or covering fraction) of
Mg II absorbing gas 〈κ〉Mg II versus projected distance d
for passive and [O II]-emitting LRGs. At the top, we show the
number of LRGs that were considered in computing 〈κ〉Mg II
for each projected distance bin. We adopt the LRG sample with
sufficiently high S/N background QSO spectra available for
detecting Mg II absorbers as weak as W0 = 0.3 A˚, and a bin size
of 40 kpc. The horizontal bars mark the full range of projected
distance within each bin and vertical error bars represent the 68%
confidence intervals in the estimated gas covering fraction. The
vertical dotted line indicates the virial radius of a typical LRG
halo. We estimate the contribution due to random background
absorbers that coincidentally occur within a velocity difference
of ∆v = ±1000 km s−1 from the redshifts of the LRGs (orange
dashed line; see Section 3.3 for details). The blue and purple
dash-dotted curves indicate the expected maximum contributions
to the observed incidence of Wr(2796) > 0.3 A˚ absorbers from
all and blue satellite galaxies, respectively (see Section 4.2 for
details).
fraction of 〈κ〉Mg II ≈ 5% at d < 500 kpc. In addition,
〈κ〉Mg II remains flat at 〈κ〉Mg II = 15% at d . 120 kpc
from passive LRGs, while it increases steadily with decreas-
ing d from [O II]-emitting LRGs. Beyond d ≈ 120 kpc, both
passive and [O II]-emitting LRGs show consistent 〈κ〉Mg II
to within measurement uncertainties, which gradually de-
clines and merges into the background at d > 300 kpc.
Recall the finding of Chen & Tinker (2008) that
typical L∗ galaxies possess extended Mg II absorbing
gas with an empirical gaseous radius of Rgas =
130 (LB/LB∗)
0.35±0.05 kpc. For a mean rest-frame B-band
magnitude of MB = −22.0 of the LRGs, corresponding
to 3.6L∗ for MB∗ = −20.6 from Cool et al. (2012), we
infer Rgas ≈ 206 kpc and find a mean covering fraction
of 〈κ〉Mg II = 14+2.0−0.4% at d < Rgas from [O II]-emitting
LRGs and 〈κ〉Mg II = 11+1.0−0.2% at d < Rgas from passive
LRGs. The covering fraction is significantly smaller than
what is measured for both red and blue L∗/sub-L∗ galaxies
at 〈κ〉Mg II = (70 ± 10)% (Chen et al. 2010a), confirming
that the incidence of cool gas declines steeply with increas-
ing halo mass for halos of Mh & 1012 M.
While such declining trend is expected in theoretical
models that attribute the observed Mg II absorbers to in-
falling gas from either thermally unstable hot halos or the
intergalactic medium (IGM) (e.g., Maller & Bullock 2004;
Keresˇ et al. 2009), the large clustering amplitudes found
for Mg II absorbers (e.g., Bouche´ et al. 2006; Lundgren et al.
2009; Gauthier et al. 2009) also indicate that the incidence
and covering fraction of Mg II absorbing gas is non-zero in
high-mass halos (e.g., Tinker & Chen 2008). Indeed, our
study based on an unprecedentedly large LRG–QSO pairs
has led to a definitive detection of chemically-enriched cool
gas around quiescent galaxies at a level that conclusively
rules out zero covering fraction.
To better understand the origin of chemically-enriched
cool gas in predominantly quiescent halos, we examine the
spatial distribution of Mg II absorbing gas relative to the
orientation of the host LRGs. This is motivated by the ex-
pectations that star formation driven outflows are likely to
proceed along the minor (spin) axis of a disk galaxy and
that accretion is likely to proceed along the major axis. The
former has been seen by a number of previous studies (e.g.,
Bordoloi et al. 2011) but is an unlikely scenario for explain-
ing the Mg II absorbers found around LRGs due to the ob-
served low SFR. At the same time, it has been shown both
in simulations and in observations that elliptical galaxies
preferentially have their major axes aligned with the fila-
mentary structures (e.g., Arago´n-Calvo et al. 2007; Tempel
et al. 2013), where accretion of intergalactic gas and satel-
lites originates (e.g., Faucher-Gigue`re & Keresˇ 2011; Fuma-
galli et al. 2011; Tempel et al. 2015).
3.4 Angular Distribution of Mg II Absorption
Relative to Galaxy Major Axis
To examine the azimuthal dependence of 〈κ〉Mg II , we make
use of the position angle (P.A.) and ellipticity (e) measure-
ments, and associated measurement uncertainties, of each
galaxy from the SDSS database. We refer the readers to
Stoughton et al. (2002) for details on the SDSS image pro-
cessing algorithm. Briefly, the position angle and ellipticity
of each LRG were determined based on a two-dimensional
surface brightness profile fit of a deVaucouleurs model to
individual SDSS images. Uncertainties in the best-fit pa-
rameters depend on a combination of factors including the
depth of the images and the size of the galaxy relative to
the size of the point spread function of the image. For LRGs
at z = 0.4 − 0.7, SDSS r- and i-bands serve as the most
sensitive bandpasses for recording their surface brightness
profiles. We define the azimuthal angle Φ of each QSO-LRG
pair as the angle that extends from the observed major axis
of the LRG to the location of the background QSO sightline.
Following this definition, a QSO sightline that occurs along
the major axis of the galaxy has Φ = 0◦ and a QSO that
occurs along the minor axis has Φ = 90◦.
To ensure high confidence in the results of of our az-
imuthal dependence investigation, we first consider only
LRGs that show consistent measurements in both P.A. and
e from SDSS r- and i-band imaging data. In addition, we
restrict our sample for this study to those LRGs with a mea-
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Figure 6. Images of 15 LRG-QSO pairs with d < 50 kpc to demonstrate visually that the accuracy of ellipticity (e) and azimuthal
angle (Φ) measurements from SDSS is sufficient for the subsequent Φ-dependence study. Each panel is 150 kpc on a side. The LRG
is placed at the center and the QSO appears as a blue compact source near the LRG. The projected distance of each LRG is shown
in the lower-right corner together with the observed constraint for associated Mg II absorbers (measurement or 2-σ upper limits). The
redshift and ellipticity of the LRG are included in the lower-left corner. The top, middle, and bottom rows display examples of LRGs
with consistent measurements of Φ from their r- and i-band images in the range of 0◦ < Φ 6 30◦, 30◦ < Φ 6 60◦, and 60◦ < Φ 6 90◦,
respectively.
sured ellipticity consistently greater than e = 0.2 in both r-
and i-bands. This criterion removes 2545 LRGs from the
total sample of 13330 LRGs. We then divide the remain-
ing QSO-LRG pairs into different bins in Φ. The bin size is
chosen to be larger than the uncertainties in Φ, which are
evaluated based on the consistency of P.A. measurements
from r- and i-band images. We find a typical error of < 10◦
for the P.A, and selected a bin size of ∆ Φ = 30◦. In Figure
6, we show 15 (out of 70 total) LRG-QSO pairs with d < 50
kpc to illustrate typical cases with azimuthal angle falling
in three bins: 0◦ < Φ 6 30◦ (top panels), 30◦ < Φ 6 60◦
(middle panels), and 60◦ < Φ 6 90◦ (bottom panels). A
visual inspection of Figure 6 confirms that measurements of
Φ are sufficiently accurate for the adopted bin size in Φ.
In Figure 7, we show 〈κ〉Mg II as a function of Φ in
different projected distance bins. Passive LRGs are shown
in the left panel and [O II]-emitting LRGs are shown in the
right panel. At d >50 kpc, we find no strong dependence
of 〈κ〉Mg II on Φ for either passive or [O II]-emitting LRGs.
While there is little azimuthal angle preference for passive
LRGs at d 6 50 kpc, we find a modest (≈ 50%) enhancement
of Mg II absorption closer to the major axis (Φ . 60◦) of
[O II]-emitting LRGs. The excess of Mg II covering fraction
decreases with increasing Φ and becomes consistent with
that of passive LRGs at Φ > 60◦. Recall that we have shown
in Figure 5 the overall enhancement of covering fraction for
[O II]-emitting LRGs as compared to passive LRGs at d 6
80 kpc. We find this difference in 〈κ〉Mg II is likely driven
by an elevated incidence of Mg II absorbing gas at small az-
imuthal angles. The difference in the observed azimuthal
dependence between [O II]-emitting and passive LRGs sug-
gests that additional sources are responsible for the observed
Mg II absorbing gas around [OII]-emitting galaxies. We will
discuss this further in § 4.4 below.
4 DISCUSSION
Our study based on an unprecedentedly large sample
of LRG-QSO pairs has led to a definitive detection of
chemically-enriched cool gas around massive, quiescent
galaxies at a level that conclusively rules out zero cover-
ing fraction of cool gas in these massive halos. The result
is based on a survey of 37621 LRG-QSO pairs with pro-
jected separations of < 500 kpc, which yielded a sample of
13330 LRGs at z ≈ 0.4−0.7 with sensitive background QSO
spectra available for constraining the presence/absence of
Mg II absorbers of Wr(2796) > 0.3 A˚. Roughly 13% of these
LRGs exhibit [O II] emission features that indicate a mean
on-going star formation rate of SFR ∼ 0.8M yr−1 among
otherwise old (age & 1 Gyr) stellar populations. The re-
maining 87% of the LRGs exhibit no trace of on-going star
formation with 2-σ upper limit of SFR . 0.1M yr−1 and a
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Figure 7. Dependence of 〈κ〉Mg II on the azimuthal angle in different projected distance intervals for passive (left) and [O II]-emitting
LRGs (right). The azimuthal angle is measured with respect to the major axis of the LRGs. Circles represent LRGs within projected
distance d of 0 < d 6 50 kpc from a background QSO sightline, triangles represent 50 < d 6 100 kpc, squares represent 100 < d 6 200 kpc
and diamonds represent 200 < d 6 500 kpc. The horizontal error bars show the full range in projected distance of each bin and vertical
error bars represent the 68% confidence interval. Note that we have zoomed in along the y-axis in the left panel in order to better
illustrate the range of observed 〈κ〉Mg II for the passive galaxies.
mean stellar age & 1 Gyr. Both passive and [O II]-emitting
LRGs share a very similar distribution in stellar mass with
a mean of 〈 log (M∗/M) 〉 ≈ 11.4 and a dispersion of 0.2
dex.
Strong Mg II absorbers are found at d < 500 kpc
from both passive and [O II]-emitting LRGs with a mean
gas covering fraction of 〈κ〉Mg II ≈ 5%. While strong
Mg II absorbers continue to be found at distances as large
as the virial radius in the halos, the mean gas covering frac-
tion declines rapidly with increasing d. The mean covering
fraction of Mg II absorbers increases to 〈κ〉Mg II ≈ 11−14%
within the fiducial gaseous radius Rgas ≈ 200 kpc inferred
for super-L∗ galaxies from Chen & Tinker (2008), and con-
tinues to increase to 〈κ〉Mg II & 15% at smaller radii at
d . 120 kpc. At d < 80 kpc, the observed gas covering
fraction around [O II]-emitting LRGs is twice of what is seen
around passive LRGs. No clear dependence on stellar mass is
found for the observed Mg II absorption properties. These re-
sults confirm and significantly improve upon earlier reports
for the presence of cool halo gas around LRGs by Gauthier
et al. (2009, 2010).
In addition to constraining the incidence and cover-
ing fraction of Mg II absorbers in LRG halos, we have also
further examined the kinematic and spatial distribution of
Mg II absorbing gas relative to the galaxies. An intriguing
finding is that the observed velocity dispersion of Mg II ab-
sorbing gas relative to either passive or [O II]-emitting LRGs
is merely 60% of what is expected from virial motion in these
massive halos (§ 3.2 & Figure 4), which is similar to what has
been previously reported by Zhu et al. (2014). Furthermore,
we have also investigated possible azimuthal dependence in
the incidence and covering fraction of Mg II absorbers of
Wr(2796) > 0.3 A˚. While no apparent trend is seen for pas-
sive LRGs at all radii, a surprising result is a modest en-
hacement in the gas covering fraction along the major axis
of [O II]-emitting LRGS at d < 50 kpc (§ 3.3 & Figure 7).
This is opposite of what was found for star-forming galaxies
at z ≈ 0.7 by Bordoloi et al. (2011).
The observed suppression in the velocity dispersion of
Mg II absorbing gas around both passive and [O II]-emitting
LRGs, together with an elevated Mg II gas covering fraction
along the major axis of [O II]-emitting LRGs at d < 50 kpc,
provides important insights into the origin of the observed
chemically-enriched cool gas in LRG halos. Here we discuss
whether/how different scenarios are compatible with these
findings.
4.1 Hot Winds due to AGN or Evolved Stars
We first consider the scenario of hot winds driven by either
evolved stars or AGN as a primary driver to pollute the
LRG halos with heavy elements. While the observed low
SFR and a predominantly old stellar population rules out
a strong influence of young starburst driven winds on the
halo gas of LRGs, the influence of AGN feedback can be
dominant (e.g., McNamara & Nulsen 2007, 2012). In partic-
ular, radio-mode feedback has been invoked in galaxy for-
mation models to suppress star formation in massive halos
(e.g., Croton et al. 2006). In addition, a cross-comparison
between SDSS LRGs and FIRST radio sources has identi-
fied ≈ 3% of the LRGs hosting radio-loud AGN (e.g., Sadler
et al. 2007), and efforts in search of fainter radio emission
in the remaining LRGs based on median stacks of FIRST
images have continued to uncover radio signals at a level of
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a few × 10µJy (e.g., Hodge et al. 2008, 2009). Continuing
detections of radio fluxes in LRGs as the sensitivities of the
searches improve suggests that nearly all LRGs harbor an
active nucleus but with varying radio power.
The presence of AGN in these LRGs also provides a
natural explanation for the observed high [N II] / Hα emis-
sion ratio in the stacked LRG spectra presented in Figure 2
(e.g., Johnston et al. 2008; Hodge et al. 2008). It is therefore
reasonable to expect that the LRG halos are being regulated
by AGN winds that provide an additional heating source.
In contrast, the observed low [O III] / [O II] ratios in
[O II]-emitting LRGs resemble the spectra of LINER-like
galaxies, rather than star-forming regions or Seyfert galaxies
(e.g., Yan et al. 2006). The observed LINER-like spectra can
be explained by photo-ionization due to post-asymptotic gi-
ant branch (post-AGB) stars (e.g., Binette et al. 1994). This
is motivated by recent observations that have uncovered spa-
tially extended LINER signals in passive red galaxies with
a surface brightness profile shallower than r−2 (e.g., Sarzi
et al. 2006, 2010; Yan & Blanton 2012; Singh et al. 2013).
The shallow, extended surface brightness profiles are incon-
sistent with the gas being ionized by a central point source,
but indicate a spatially distributed ionizing source.
However, connecting the observed cool gas revealed by
Mg II absorption with AGN/stellar winds remains challeng-
ing, particularly because of the suppressed velocity disper-
sion of Mg II absorbing gas relative to the LRGs. Recall from
Figure 4 and § 3.2 that the observed velocity dispersion
of Mg II absorbing gas relative to either passive or [O II]-
emitting LRGs is merely 60% of what is expected from virial
motion in these massive halos. One would expect that in-
cluding AGN/stellar winds would further stir up halo gas
motion (e.g., Johnson et al. 2015), increasing/maintaining
the velocity dispersion rather than suppressing it. We there-
fore find this scenario to be an unlikely explanation of the
observed Mg II absorbers in LRG halos.
4.2 Environmental Effects
Next, we consider possible environmental effects that may
contribute to the observed Mg II absorbers in LRGs halos.
The large mean bias found for LRGs (e.g., Padmanabhan
et al. 2007; Gauthier et al. 2009) indicate not only that these
galaxies reside in massive halos but also that they reside in
relatively more overdense environment. First, we consider
gas-rich satellites that could contribute to some fraction of
the observed Mg II absorbers, if the satellites can retain a
significant fraction of their gas.
Under the assumption that the gas content of satel-
lite galaxies remains intact in LRG halos, we estimate the
expected maximal contribution to the covering fraction of
Mg II absorbing gas from these satellites. Following Gau-
thier et al. (2010), we first adopt the subhalo mass function
from Tinker & Wetzel (2010). The subhalo mass is defined
as the mass at the time of accretion and therefore is suit-
able for calculating the intact gaseous halo. Next, we adopt
the gaseous radius at Wr(2796) > 0.3 A˚, Rgas, and a mean
covering fraction of κgas within Rgas for a given subhalo
mass (Msub) from Tinker & Chen (2008). Then we adopt
the surface mass density profile of satellite galaxies from
Budzynski et al. (2012), which is characterized by a pro-
jected Navarro−Frenk−White profile with a concentration
parameter 〈c〉 ≡ 〈rvir/rs〉 ≈ 2.6 from , where rvir is the viral
radius and rs is the scale radius. The best-fit concentration
parameter was found to be nearly independent of mass and
a factor of two lower than what is found for the dark matter
halo. Given a host halo mass Mhost (in this case, 10
13.4M),
the covering fraction of subhalos as a function of projected
distance d is then computed according to
κsub(Mhost, d) =
f(d,Mhost)
piR2vir(Mhost)
∫
dMsub n(Msub|Mhost)
× piR2g(Msub,Wr = 0.3)κg(Msub)
(3)
where f(d,Mhost) is the probability of having subhalos at d
and n(Msub|Mhost) is the subhalo mass function from Tinker
& Wetzel (2010). The estimated, maximal covering fraction
of Mg II absorbers versus projected distance is shown in Fig-
ure 5 (blue dashed-dotted curve). Our calculation demon-
strates that if satellite galaxies can retain their gas, then
they can fully account for the observed Mg II covering frac-
tion.
Many studies have shown that galaxies in denser envi-
ronments tend to have a higher fraction of red galaxies at
z . 1 (e.g., Gerke et al. 2007; Skibba 2009; Smith et al.
2012; Kovacˇ et al. 2014), indicating that the star formation
has been shut down either due to gas exhaustion or removal
by environmental effects. Quantitatively speaking, the red
satellite fraction decreases from ∼ 80 % at projected radius
. 100 kpc from L∗ satellite galaxies to ∼ 70 % at about
the virial radius (e.g., Hansen et al. 2009; Prescott et al.
2011). Here we consider only L∗ halos because they are ex-
pected to be the dominant contributor to the Mg II covering
fraction from a halo occupation analysis (Tinker & Chen
2008, 2010). If we further restrict the blue (and therefore
gas rich) satellite fraction to be 20 % and assume that these
blue satellites can retain their gaseous halos, then the ex-
pected, maximal blue satellite contribution is shown as the
purple dashed-dotted curve in Figure 5. We find that blue
satellites alone cannot account for the observed 15% cover-
ing fraction of Mg II absorbing gas at d ≈ 100 kpc from the
LRGs but could be a main contributor to the incidence of
gas at d . 40 kpc.
Incidentally, the spatial distribution of satellites is
found to be aligned with the major axis of the brightest
galaxies in groups (e.g., Yang et al. 2006; Donoso et al. 2006;
Wang et al. 2008). While the effect is more subtle for blue
satellites than red satellites, Yang et al. (2006) found that
blue satellites along the major axis are ∼ 25 % more abun-
dant than along the minor axis. This is qualitatively consis-
tent with the trend found in the azimuthal dependence of
〈κ〉Mg II in Figure 7.
However, ram pressure and tidal stripping are ex-
pected to be effective in removing gas from satellite galax-
ies (e.g., Gunn & Gott 1972; Balogh et al. 2000; Kawata
& Mulchaey 2008). These dynamical processes should re-
distribute chemically-enriched cool ISM and halo gas of blue
satellites to larger distances, consequently further suppress-
ing the incidence of cool gas due to satellites in inner LRG
halos. This expectation is qualitatively consistent with the
observed flat distribution of Wr(2796) versus projected dis-
tance. The presence of strong Mg II absorbers out to the
virial radius also suggests that these LRGs possibily reside
in a group/cluster environment (e.g., Whiting et al. 2006;
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Kacprzak et al. 2010; Gauthier 2013). A remaining caveat
is to explain the suppressed velocity dispersion of Mg II gas
around LRGs. In summary, if red satellites have their gas
removed, then satellites do not explain the Mg II covering
fraction, unless the cool gas survives in the halo after re-
moval.
4.3 Condensing Cool Clouds due to Thermal
Instabilities
Next, we consider a third possibility of the observed
Mg II absorbers arising in cool clouds that are condensing
out of thermally-unstable hot halos around the LRGs. A
two-phase medium was first considered by Mo & Miralda-
Escude´ (1996) for explaining the observed QSO absorption
systems as cool clouds in pressure equilibrium with the hot
halo, which was subsequently expanded by Maller & Bullock
(2004) to include multi-phase cooling for understanding the
formation and survival of high-velocity clouds found in the
Milky Way halo. These earlier analytic models have relied
on a simple hypothesis that thermal instabilities would de-
velop if the cooling time (tcool) is comparable to or smaller
than the dynamical time (tff) of the gas. However, recent
numerical simulations have provided more detailed insights
into the process of forming a multi-phase medium (e.g., Mc-
Court et al. 2012; Sharma et al. 2012). It has been shown
that, in fact, a multi-phase medium starts to develop when
the cooling time is 3 − 10 times the free-fall time (Sharma
et al. 2012). Indeed, multi-phase gas has been observed in
clusters and nearby ellipticals with extended nebular emis-
sion from relatively cool gas embedded in hot, x-ray emitting
halos (e.g., Werner et al. 2014), and the gas in those cooling
clusters and ellipticals is found to satistfy the criterion of
tcool/tff . 10 (Voit et al. 2015a,b).
Direct observations to distinguish between the presence
and absence of a multi-phase medium around the LRGs in
our sample are beyond the reach of current-generation fa-
cilities. Nevertheless, we expect that these LRGs to be sur-
rounded by a hot halo, given that the Sunyaev-Zel’dovich
decrement in the cosmic microwave background radiation
has been detected in stacks of 148 GHz maps of higher-mass
LRGs with Mh ∼ 1014 M (Hand et al. 2011). Under the
multi-phase cooling hypothesis, we expect to see cool clouds
form within a cooling radius Rc where thermal instabilities
occur. Observations of z ≈ 0.5 galaxy clusters indicate that
Rc occurs between 1/3 and 2/3 of the virial radius (e.g., Voit
et al. 2015a). For LRGs in our sample, this corresponds to
a cooling radius of 160 − 320 kpc. Condensing cool clouds
may explain the rapid decline in 〈κ〉Mg II at d > 120 kpc,
although they cannot explain the strong Mg II absorbers de-
tected in the outer halos near the virial radius.
A natural expectation for condensed cool clouds trav-
eling through a hot halo is a ram-pressure drag force that
would slow down the cloud motion. If the clouds are not
sufficiently massive, then we expect to observe significant
deceleration. This provides a physical model for explain-
ing the observed suppression of velocity dispersion between
Mg II absorbers and LRGs in Figure 4 and places a maxi-
mum limit on the cloud mass. Following Maller & Bullock
(2004), we compute the mass limit using their Equation (40),
mcl ≈ 5.1× 104 M T−3/86 (Λz t8)1/2, (4)
where T6 is the halo gas temperature in units of 10
6 K, Λz
is the cooling parameter that varies with the gas metallic-
ity Zg and t8 = tf (ch)/8 Gyr is the halo formation time
that depends on the halo concentration ch. We estimate
T ∼ 6 × 106 K assuming isothermal hot gas for the LRG
halos, and t8 ∼ 8.9 Gyr using ch ∼ 10 from the halo mass–
concentration relation (e.g., Mandelbaum et al. 2008). We
find mcl = 2.8×104 M for a gas metallicity of Zg = 0.1Z,
and mcl = 4.9× 104 M for Zg = Z. Note that for clouds
of this low mass, it would require ncl ∼ 20 of these to
make up the total observed absorption strength per sightline
(see Chen et al. 2010a). This is consistent with the previous
finding that strong Mg II absorbers identified in moderate-
resolution spectra are routinely resolved into multiple com-
ponents in high-resolution spectra, with Wr(2796) roughly
proportional to the number of components in the system
(e.g., Petitjean & Bergeron 1990 ; Prochter et al. 2006 ).
However, the inferred maximum cloud mass for the ram-
pressure drag to be dominant also indicates that the clouds
would be likely to evaporate due to thermal conduction of
the hot halo in τevap ∼ 100 Myr from Equation (35) of
Maller & Bullock (2004). Taking into account a prolonged
infall time of τinfall ≈ 400 − 600 Myr for clouds formed at
Rc from Equation (43) of Maller & Bullock (2004) due to
ram-pressure drag, we conclude that only clouds formed at
d < 100 kpc will be able to reach the center.
4.4 Accretion along Filaments
Recent simulations have shown that galaxies of all mass ac-
quire most of their baryonic mass through filamentary ac-
cretion from the IGM (e.g., Keresˇ et al. 2009; Stewart et al.
2011). In these narrow, dense streams, the cool gas would
never be shock heated to the virial temperature and can
penetrate deep toward the central regions of dark matter
halos. Given that LRGs reside in overdense regions, a siz-
able fraction of central LRGs may be at the focus of cold
accretion through filaments. In the cold accretion scenario,
hydrodynamical simulations show that H I gas has a roughly
constant covering fraction at radii . 100 kpc at z ≈ 2.5 (e.g.,
Dekel et al. 2009). It is intriguing because the behavior is in a
broad agreement with the observed covering fraction within
∼ 100 kpc in our passive LRG sample. However, the cold-
mode accretion is expected to be efficient only for galaxies
at high redshifts z & 2 (e.g., Dekel et al. 2009) or low-mass
galaxies at lower redshifts. At z < 1, the mechanism might
not be effective in high-mass halos, and cold filaments might
be truncated or disrupted before reaching the center (e.g.,
Keresˇ et al. 2009).
In addition to intergalactic gas, satellite accretion is also
expected to proceed along filaments based on the prefer-
ential alignment of satellite galaxies along the major axis
of massive central galaxies (e.g., Yang et al. 2006) and the
parallel alignment of the major axis of galaxies and sur-
rounding filaments (e.g., Tempel et al. 2013, 2015). If the
observed Mg II absorbers arise in accreted satellites along a
more confined large-scale filament, then we can simultane-
ously explain the enhanced 〈κ〉Mg II along the major axis
of [O II]-emitting LRGs at d < 50 kpc and the observed re-
duced velocity dispersion relative to what is expected for
virialized gas in massive halos.
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5 SUMMARY AND CONCLUSIONS
We study the chemically-enriched cool gas content in mas-
sive halos based on a survey of Mg II absorbers associ-
ated with 37621 LRGs in the spectra of background QSOs.
Mg II absorption is detected around both passive and [O II]-
emitting LRGs. The covering fraction of Mg II gas is higher
around [O II]-emitting LRGs inside 100 kpc; the cover-
ing fraction in both passive and [O II]-emitting LRGs de-
clines rapidly with radius. Both Mg II -absorbing and non-
absorbing LRGs show comparably old stellar populations.
There is a weak azimuthal dependence of absorption: [O II]-
emitting LRGs show more absorption along the major axis.
This trend is only significant within 50 kpc. The velocity dis-
persion of Mg II relative to the LRGs is less than expected
for LRG halo masses in both types of galaxy.
We find that the observed Mg II absorbers in the vicini-
ties of LRGs are best-explained by a combination of cool
clouds formed through thermal instabilities in LRG halos
and satellite accretion through filaments that are preferen-
tially aligned with the major axis of the LRGs. While AGN
are likely present in nearly all of the LRGs in our sample, the
suppressed velocity dispersion found for the Mg II absorbing
gas makes AGN winds an unlikely contributor. We expect
that follow-up analysis of available imaging data around the
LRGs will provide the necessary test for the accreting satel-
lite scenario.
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